This experiment was conducted to investigate the effects of feeding a protein-free diet on mRNA levels of the calpain system in skeletal muscle of growing pigs during a 15-d feeding trial. Twenty crossbred barrows were divided into two dietary treatments: control or protein-free diet (mean initial weight for both groups: 38.3 kg). Daily diets were provided at 2.5 times energy for maintenance (twice a day). On d 0, 3, and 14, biopsies were taken from longissimus muscle between the third and fourth ribs ( d 0 and 3 ) and between the fourth and fifth rib ( d 14). On d 15, animals were slaughtered and longissimus muscles were dissected and analyzed for calpastatin, and m-and m-calpain activity. From biopsies, mRNA level of skeletal muscle calpain, m-and mcalpain, and calpastatin were measured using reversed transcription PCR. Subsequently, PCR products were quantified using ELISA. Feeding the protein-free diet lowered growth rate to almost zero. Only total level of mRNA of m-calpain on d 14 was influenced by dietary treatments, being lower for the protein-free group than for the control group ( P < .05). However, proteolytic activities were not different between treatments. Total RNA concentration in longissimus muscle decreased during the experiment for both treatments, but on d 14 this was more pronounced for the protein-free than for the control group ( P < .05). If mRNA levels were corrected for this change, specific mRNA level on d 14 of skeletal muscle calpain and m-calpain were lower ( P < .05) for the protein-free than for the control group. These data suggest that activity of the components of the calpain system are differentially regulated.
Introduction
The calpain system is thought to be involved in one of the first steps of degradation of myofibrillar protein by weakening of Z-discs (Goll et al., 1989) . The calpain system consists of the heterodimers m-and mcalpain and their natural inhibitor, calpastatin. In addition to these components, a novel member of the calpain large-subunit family has been found only in skeletal muscle and designated skeletal muscle calpain or p94 (Sorimachi et al., 1989 (Sorimachi et al., , 1993 (Sorimachi et al., , 1995 , which is expressed at a level 10 times greater than that of m-and m-calpain.
We previously found an enhanced production of 3-methylhistidine and therefore a higher fractional breakdown rate of myofibrillar protein in growing pigs after a 14-d period of feeding a protein-free diet. However, calpain protease activities and calpastatin were not influenced (Van den Hemel-Grooten et al., 1995) .
The objective of the present study was to examine mRNA levels of the components of the calpain system in longissimus muscle at several days during a similar period of feeding a protein-free diet to growing pigs and to examine whether changes of the calpain system at a transcriptional level could be related to the previously found enhanced myofibrillar protein degradation. Table 1 . Composition of the experimental diets a Constant components consisted of the following: dicalcium phosphate, 20 g; limestone, 6 g; iodized salt, 4 g; mineral premix, 2 g; vitamin premix, 2 g; choline chloride, 2 g. The composition of the mineral premix is described by Van den Hemel-Grooten et al. (1997) and composition of vitamin premix was described elsewhere (Bikker et al., 1994 
Materials and Methods

Experimental Design. The Institutional Care and
Use Committee approved all procedures involving animal handling. Twenty Large White × (Dutch Landrace × Large White) barrows were used at an age of approximately 13 wk in a 15-d feeding trial with two dietary treatments (i.e., control or protein-free diet). The compositions of the experimental diets are shown in Table 1 . On d −5, barrows were weighed and allocated to treatment groups, so that the groups were balanced for body weight (mean of 38.3 kg). Barrows were housed individually in a pen (1.5 m × 1.5 m ) at a constant temperature (22 ± 1°C). Water was available at all times. During an adaptation period of 5 d, animals received a mixture of a commercial starter diet (Cavo Latuco, Utrecht, The Netherlands) and the control diet on a 50% : 50% basis. Throughout the experiment, daily diets were offered at 2.5 times energy for maintenance in two portions at 0730 and 1500. On d 0, the experimental period started by providing experimental diets to the animals. The protein-free diet was provided gradually: 25 and 75% on d 0; 50 and 50% on d 1; and 75% protein-free diet and 25% control diet on d 2, respectively. From d 3, 100% protein-free diet was offered. Body weights were recorded on d −5, 0, 7, and 15.
Muscle Biopsies. On d 0, 3, and 14 biopsies were taken from longissimus muscle using a shot-biopsy device. Animals were restrained in a weighing box to take the biopsy at a standardized anatomical location (i.e., between the third and fourth ribs on d 0 and d 3 from the right and left sides, respectively). On d 14, a biopsy was taken from the right side between the fourth and fifth ribs. Biopsies were taken 30 min before the afternoon meal. The biopsy needle (i.d. 4 mm, length 3.5 cm) was disinfected with 70% alcohol before use. No anesthesia or antibiotics were used. The complete biopsy sample was put into a small tube, frozen in liquid nitrogen, and stored at −80°C until further analysis.
Slaughter Procedure, Muscle Sampling, and Enzyme Assays. On d 15, animals were killed using a captive bolt followed by exsanguination. Immediately after slaughter, a sample of approximately 100 to 150 g was taken from longissimus muscle from the left side of the carcass, between the fourth and fifth ribs for measurement of calpastatin and m-and m-calpain activities as described previously (Van den HemelGrooten et al., 1995) . Both longissimus muscles were dissected, weighed, and checked for any visible damage to the tissue due to the previous biopsies.
RNA Extraction and Development of Polymerase
Chain Reaction Conditions. Skin and connective tissue were removed from the frozen biopsies. From approximately 100 mg of muscle tissue total RNA was extracted essentially as described by Chomczynski and Sacchi (1987) . The RNA was quantified spectrophotometrically.
The GeneAmp RNA PCR kit (Perkin Elmer, Branchburg, NJ) was used for the reverse transcription of 1 mg of RNA into cDNA and subsequent amplification in PCR. The cDNA in PCR is equivalent to .15 mg of RNA. For each gene studied in the present experiment, the final volume of PCR reaction was 30 mL, of which 10 mL was used for ELISA and 18 mL was separated with 5, 2, 1, and 1% agarose gel electrophoresis for skeletal muscle calpain, m-and m-calpain, and calpastatin, respectively. The number of PCR cycles was within the quantitative range for each gene.
For porcine skeletal muscle calpain, PCR primers and reaction conditions were published in accession number of EBI database: U23954 (G. P. Briley, P. K. Riggs, J. E. Womack, D. L. Hancock, and C. A. Bidwell, 1995, unpublished data) . Length of PCR product is 152 bp. Number of PCR cycles used were 19 and 21.
For m-calpain and m-calpain, cDNA and primer sequences were reported for pigs by Sun et al. (1993) : accession numbers U01180 and U01181, respectively. Cycling conditions for PCR of m-calpain were 94°C for 30 s, 58°C for 45 s, and 72°C for 1 min for 21 and 23 cycles. Cycling conditions for PCR of m-calpain were 94°C for 30 s, 55°C for 45 s, and 72°C for 1 min for 24 and 26 cycles. The Length of PCR product of m-calpain is 289 bp and of m-calpain is 629 bp.
For porcine calpastatin, only the cDNA sequence was published by Asada et al. (1989) : accession number D50827. The primer sequences were 5′-GAAGTGTGGTGAGGATGATG-3′ (forward) and 5′-GTCTGTATTCAGGTGGGATAG-3′ (reverse). Conditions for PCR were first a hot start at 80°C for 5 min and 25°C for 1 min. Cycling conditions were 94°C for 30 s, 57°C for 45 s, and 72°C for 1 min for 24 and 26 cycles. The length of PCR product is 878 bp.
Quantification of Polymerase Chain Reaction Products. Quantification of PCR products was per-
formed using a PCR ELISA kit (Boehringer, Mannheim, Germany). Briefly, after optimalization of PCR conditions for all four components of the calpain system, PCR products were labeled with digoxigenin ( DIG)-dUTP during the amplification process. The labeled PCR products were analyzed by solution hybridization to a specific capture probe that is complementary to the inner part of the amplification product. The sequences of the capture probes were 5′-GTCTGCAGCACCAGGTCACT-3′ for skeletal muscle calpain, 5′-ACCATCCTCAACAGGATCAT-3′ for mcalpain, 5′-GAGCGATCGGACACCTTCAT-3′ for mcalpain, and 5′-TCCTCCTGATTATAGATTAG-3′ for calpastatin. Capture probes were end-labeled with biotin to allow immobilization of the hybrid to a streptavidin-coated microtiter plate surface. The bound hybrid can be detected and colorimetrically quantified at 405 nm ( A 405 ) with an anti-DIGperoxidase conjugate using ABTS R (Boehringer) as a substrate. Each microtiter plate contained the following controls: standard sample (sample of control group), negative PCR product, water, and ABTS. For each gene, three microtiter plates were used, which contained both number of PCR cycles used and a four times dilution of each number of cycle of the final PCR product. To decide which data for both PCR cycles should be used, the ratio of absorption values for undiluted and diluted samples should be close to 2. For each gene, corrections were made for variation between microtiter plates by proportionally multiplying values of controls and samples by the difference for the standard sample between plates. Absorption data were also corrected for background, as measured with water and ABTS.
Different dilutions of anti-DIG-peroxidase were needed for the different genes. The following dilutions were used from stock solution (50 units/mL): 5,000×, 250×, 50×, and 25× for skeletal muscle calpain, mcalpain, m-calpain, and calpastatin, respectively. Values of negative PCR and water and ABTS were similar for all three calpains. However, negative PCR of calpastatin was 1.6 times higher than for water and ABTS, although no visible PCR product was found on agarose electrophoresis. Therefore, values were corrected for negative PCR.
Statistical Analysis. Data for body weight, growth rate, and calpain and calpastatin activities were analyzed with Student's t-test using the SPSS-PC + , V3.0 program (SPSS, 1988) . Effects of day of sampling on total RNA concentration and total and specific mRNA level of each gene were analyzed using paired t-test. Dietary treatment effects on total RNA concentration and total and specific mRNA level of each gene were tested using Student's t-test. Results were considered statistically different when P-values were less then .05.
Results
Influence of Feeding Strategy on Growth Rate.
Feeding a protein-free diet to growing barrows stopped growth, as is shown in Table 2 . After 7 d, there was no significant difference in body weight between the control and protein-free groups, but at the end of the feeding trial of 15 d, body weight of the control group was significantly higher than that of the protein-free group. This is also reflected in a significantly higher growth rate for the control than for the protein-free group.
Weight of longissimus muscle of the protein-free group was significantly lower than that of the control group (Table 2) . Expressed as a percentage of total body weight, no significant differences were observed in muscle weight between the control and protein-free groups.
Influence of Feeding Strategy on Activity and mRNA Levels of the Calpain System. On d 15, enzyme activities of calpastatin (2.56 ± .16 and 2.68 ± .20 units/g of tissue for the control and protein-free groups, respectively), m-calpain (.69 ± .10 vs .81 ± .09), and m-calpain (1.15 ± .10 vs 1.01 ± .07) in longissimus muscle were not different between treatments. Table 3 presents results of total RNA concentration and total mRNA levels of all four components of the calpain system. On d 14, total RNA concentration was significantly lower for the protein-free than for the control group. Total RNA concentration was significantly lower on d 3 and 14 than on d 0 for the control group. For the protein-free group, total RNA concen- Table 4 presents specific mRNA levels (i.e., total mRNA levels that were corrected for the observed changes in total RNA concentrations). Thus, these data represent mRNA levels per gram of muscle tissue. On d 14, specific mRNA level of skeletal muscle calpain of the protein-free group was significantly lower than that of the control group. Specific level of mRNA decreased significantly during the 15-d feeding trial for the control group. For the protein-free group, specific mRNA level on d 14 was significantly lower than on the other days. Specific level of mRNA of mcalpain on d 14 was significantly lower for the proteinfree group than for the control group. Specific level of mRNA of the control group was similar for all three times. The protein-free group had a significantly lower specific mRNA level on d 14 than on d 0 or 3. Specific level of mRNA of m-calpain was not influenced by dietary treatments. For the control group, specific mRNA level was significantly higher on d 0 than on d 3; specific mRNA level on d 14 was intermediate. Dietary treatments did not cause a change in specific mRNA level of calpastatin. For the control group, specific mRNA level on d 3 was significantly higher than on the other days. For the protein-free group, specific mRNA level was significantly different among all times, being highest on d 3 and lowest on d 14.
Discussion
The present experiment was performed to investigate mRNA levels of several components of the calpain system during a protein-free feeding period in growing pigs. In previous experiments, we have shown that production of 3-methylhistidine, a marker for myofibrillar protein breakdown, increased after feeding a protein-free diet to growing pigs (Van den Hemel-Grooten et al., 1995 , 1997 . However, activities of calpastatin and m-and m-calpain did not differ significantly between dietary treatments. Several causes may underlie this discrepancy. First, 3-methylhistidine production may be increased from sources other than skeletal muscle, such as smooth muscle in the gastrointestinal tract or skin during a deficit of dietary protein. The contribution from the gastrointestinal tract is considered to be of special importance because its protein turnover rate is much higher than in skeletal muscle (Rennie and Millward, 1983) . However, this would not seem possible, because we found the whole body contribution of 3-methylhistidine from the gastrointestinal tract to be below 5%. Moreover, feeding a protein-free diet to growing pigs for 14 d did not change this contribution (our unpublished observations). Second, the rate-limiting step in the cascade of myofibrillar protein degradation remains unknown. Thus, proteolytic enzymes other than those of the calpain system may be responsible for this step. Goll et al. (1989 Goll et al. ( , 1992 considered mand m-calpain as potential initiators of myofibrillar protein degradation. To our knowledge, no other proteolytic enzymes have been proposed as participants in the initial stages of myofibrillar protein degradation. Finally, measurement of proteolytic activity is performed in vitro, which means that optimal conditions are used to express proteolytic activity. However, this activity, which is more an indication of the maximum content in the tissue examined, does not necessarily represent physiological activity. At present, there is no in situ technique available for the measurement of physiological activity. The above discussion necessitates an alternative approach to the investigation of the regulation and mechanisms of in vivo myofibrillar protein degradation by proteolytic enzyme systems. Regulation of enzyme activity probably occurs at different stages: transcriptional, translational, and posttranslational levels. Expression at the transcriptional level was studied in the present experiment to gain more insight into the possible involvement of the calpain system during myofibrillar protein degradation.
In agreement with our previous findings, feeding a protein-free diet to growing pigs reduced growth rate to almost zero (Van den Hemel-Grooten et al., 1995 , 1997 . After the 15-d feeding trial, the weight of the longissimus muscle in the protein-free group was 20% lower than in the control group.
Total RNA concentration decreased significantly during the experiment in the control and protein-free groups, but the decrease was largest for the proteinfree group. This indicates that the protein synthesizing capacity at the end of the experiment was lowest for the protein-free group. This agrees favorably with our previous findings (Van den Hemel-Grooten et al., 1995 , 1997 and those of Forsberg (1992, 1994) , who observed significant reductions in RNA concentrations in skeletal muscle of rabbits after feed deprivation for 8 d.
To perform the ELISA, different concentrations of anti-DIG-peroxidase were needed for each gene. This resulted in increased absorption levels for negative PCR, water, and ABTS. For all three calpains, absorption values of these controls were similar and remained within background ranges (.04, .06, and .16 for skeletal muscle calpain [p94] and m-and m-calpain, respectively). However, in the case of calpastatin the values obtained for negative PCR were 1.6 times greater than for water and ABTS (the latter controls being .29), although no PCR product was detected on agarose gel electrophoresis. Therefore, absorption values for mRNA levels of calpastatin were corrected for values obtained from negative PCR. The size of PCR product may explain the need to increase the anti-DIG-peroxidase concentration. Size of PCR products were 152, 289, 629, and 878 bp for skeletal muscle, m-calpain, m-calpain, and calpastatin, respectively. A larger PCR product may cause more readily a secondary structure, thus negatively influencing the availability of incorporated DIG to its antibody by steric hindrance.
Results of mRNA levels are presented in two different ways. Table 3 presents total mRNA levels that originate from the same standard amount of total RNA for all samples. Table 4 presents specific mRNA levels, corrected for observed changes of total RNA concentration in muscle tissue. These data are indicative of mRNA level per gram of muscle. Only the mRNA level of skeletal muscle calpain provided different results when expressed per unit of total RNA or per gram of muscle tissue; for the protein-free group, mRNA levels per unit of total RNA did not differ between dietary treatments. However, in comparison with the control group, mRNA levels of skeletal muscle calpain (per gram of muscle) were significantly lower for the protein-free group on d 14. After feeding a low (10%) and control (18%) crude protein diet for 24 d, Ji et al. (1992) found no effect on mRNA levels for skeletal muscle calpain in finishing pigs.
The physiological role of skeletal muscle calpain is a topic of current investigation. Defective genes were shown to be responsible for limb-girdle muscular dystrophy type 2A (Richard et al., 1995) , and this enzyme was found recently to associate with connectin (Sorimachi et al., 1995) . An earlier suggestion of Sorimachi et al. (1993) was that soon after translation skeletal muscle calpain moves to the nuclear membrane, where it is subjected to autolysis. A small percentage is imported into the nucleus, where it regulates the levels of short-lived regulatory proteins, such as transcription factors. In so far as binding to connectin and nucleus translocation are not mutually exclusive events, our present data would then suggest that proteolysis of transcription factors is reduced, because mRNA levels of skeletal muscle calpain on d 14 were lower for the protein-free group. Higher levels of transcription factors would indicate that muscle tissue attempts to maintain transcription despite losses in total RNA.
Total and specific mRNA levels of m-calpain were influenced by dietary treatment. On d 14, total and specific mRNA levels were significantly lower for the protein-free group. However, activity of m-calpain was not influenced by dietary treatments (Van den HemelGrooten et al., 1995 HemelGrooten et al., , 1997 . These results indicate that total and specific mRNA levels of m-calpain were lower in the protein-free group, but this did not affect its activity. Thus, between gene transcription and its ultimate activity, adaptation occurs in a way that proteolytic activity was not altered. This adaptation may have been caused by increased stability of either mRNA or m-calpain or possibly due to altered mRNA levels not yet reflected in a change in enzyme activity. Forsberg (1992, 1994) were also unable to demonstrate a close relationship between activity and mRNA levels of calpain system components in their studies with fed and feed-deprived rabbits. However, they found that mRNA levels of m-and m-calpain increased after feed deprivation. Besides species differences, lack of feed for 8 d may have had more pronounced effects on regulation at mRNA levels than our experimental conditions. Ilian and Forsberg (1992) concluded that higher mRNA levels for m-and m-calpain are required if continued synthesis and concentration of proteinases is to be ensured, thus allowing continued amino acid mobilization from muscle protein reserves. This explanation may support the previous hypothesis of a possible function for skeletal muscle calpain during protein-free feeding conditions.
No between-diet effects were observed on total and specific mRNA levels for m-calpain and calpastatin, which indicates that the protein-free diet did not cause a change in mRNA levels at the transcriptional level. This agrees favorably with data on their activity from the present and previous studies (Van den HemelGrooten et al., 1995 HemelGrooten et al., , 1997 .
Day of sampling revealed differences in mRNA level for all components of the calpain system for the control and protein-free groups. This would indicate that the genes were able to adapt to the experimental conditions. However, for the control and protein-free groups, changes in mRNA levels per gram of muscle displayed the same tendency, especially skeletal muscle calpain and calpastatin. Thus, no diet adaptation was observed during this experiment. It could be that the animals were not yet accustomed to the feeding strategy, which may also explain the reduction in total RNA concentration of the control group on d 3 and 14. Another explanation could be that collecting the biopsies caused these changes by injury or inflammation, because most changes were seen on d 3. We have no data to support the hypothesis for a role of the calpain system during injury. The other possibility would seem unlikely because after taking 40 biopsies on d 0 and 3, only four animals showed a slight inflammation.
Implications
The calpain protease system in skeletal muscle might be involved in myofibrillar protein degradation in vivo. We found that protein-free feeding of growing pigs, although increasing fractional breakdown rate of myofibrillar protein, does not influence activities of components of the calpain system in skeletal muscle. The present study demonstrated that this was consistent with unaltered levels of mRNA encoding the mcalpain protease and the inhibitor calpastatin. However, total and specific mRNA levels for m-calpain and specific mRNA for skeletal muscle calpain decreased. These data suggest that under protein-free feeding different levels of regulation determine mcalpain activity.
